The change in the chemical surface state of a V-4Cr-4Ti alloy after heat treatments in vacuum at temperatures from 573 to 1273 K was investigated by means of X-ray photoelectron spectroscopy. Before heating, the surface of the as-polished alloy was covered with a V oxide film. Diffusion of oxygen into the bulk started at around 673 K, and the alloy surface gradually became metallic. Oxygen, however, did not disappear from the surface completely. Surface segregation of Ti was observed as the temperature increased. The concentration of Ti reached 20 at% at 1273 K. No significant segregation of Cr or other impurities were observed. This surface segregation of Ti significantly reduced the surface reaction rates of H 2 and D 2 . The isotope effect on the surface reaction rates of H 2 and D 2 was not observed under the present experimental conditions.
Introduction
Vanadium alloys are recognized as promising candidates for the structural materials of fusion blankets because of their low induced radioactivity by neutron irradiation and favorable mechanical properties at high temperatures. [1] [2] [3] [4] [5] In addition, the compatibility of V alloys with liquid Li is excellent, and hence the concept of self-cooled liquid Li blanket system has been developed. 6) In this system, tritium permeation through V alloys is not taken into account as a critical issue because the leakage of tritium from Li through V alloys is small owing to the higher solubility of tritium in Li than in V alloys. 7) The permeation of tritium from plasma to Li, however, poses problems such as uncertainty in the evaluation of the tritium breeding ratio and an additional load on the tritium recovery system. The dissolution of tritium and deuterium from plasma into the alloys is also important from the viewpoints of tritium inventory and hydrogen embrittlement. Therefore, an understanding of the permeation and dissolution of hydrogen isotopes in V alloys is required.
The properties of V alloys containing 4% Cr and 4% Ti (V-4Cr-4Ti) have been extensively studied as a reference composition. [1] [2] [3] [4] [5] It has been found that Ti in this alloy segregates to the surface under various conditions. 8, 9) Hirohata et al. 9) examined the influence of such surface modification on hydrogen absorption. Namely, they prepared Ti-enriched oxide films on a V-4Cr-4Ti alloy by oxidation at an oxygen pressure of 0.05 Pa and temperatures from 373 to 723 K and found that the oxide films prepared at 373 and 573 K acted as a barrier against hydrogen absorption at 523 K under glow discharge. It was also reported that the absorption rate of hydrogen gas was reduced at 573 K by a TiO 2 layer prepared by rf reactive magnetron sputtering. 10) The barrier effect at higher temperatures, however, has not been investigated, although the operation temperature of self-cooled liquid Li blanket system is expected to be 603-883 K.
6)
The present authors reported that a Ti-enriched surface was also obtained for a V-4Ti alloy by heat treatment in vacuum. 11, 12) This enrichment of Ti at the surface resulted in a large reduction in the hydrogen absorption rate in the temperature range from 523 to 1023 K. This reduction was ascribed to oxide formation due to preferential oxidation of segregating Ti by water vapor contained in the hydrogen gas as an impurity. 11, 12) A similar effect of heat treatment on hydrogen absorption was also observed for a V-4Cr-4Ti alloy.
13) The surface state of the V-4Cr-4Ti alloy, however, has not been examined. In addition, the isotope effect on the surface reaction rates of hydrogen is not currently understood.
In the present study, the change in the chemical surface state of a V-4Cr-4Ti alloy through heat treatments in vacuum was examined by a technique of X-ray photoelectron spectroscopy (XPS). The absorption of D 2 was measured in the temperature range from 523 to 1023 K, and the absorption coefficient, solubility and recombination rate constant were evaluated from the absorption curves. The influence of Ti segregation on the surface reaction rates of hydrogen isotopes is discussed.
Experimental

Surface analysis
Sheet type specimens (15 Â 15 Â 0:5 mm 3 ) were cut from a plate of a high purity V-4Cr-4Ti alloy fabricated by The National Institute for Fusion Science (NIFS-HEAT-2). The chemical composition of the specimen is given in reference 4. The surface of the specimen was polished with abrasive papers and finished with fine Al 2 O 3 powder (0.06 mm). The specimen was set on a Ta heater installed in an ultra-high vacuum chamber. The pressure of the residual gas was kept lower than 5 Â 10 À7 Pa. The specimen was heated at temperatures from 573 to 1273 K for 600 s, and the surface chemical 
Deuterium absorption
The specimens used for the deuterium absorption experiments were also prepared from the same plate of V-4Cr-4Ti alloy, measuring 4 Â 14 Â 0:5 mm 3 in size. Two types of surface treatments were carried out: (1) mechanical polishing with fine Al 2 O 3 powder (0.06 mm), and (2) heating at 1273 K for 7.2 ks in vacuum after polishing. The surface analysis by XPS showed that Ti was enriched up to 20 at% at the surface by this heat treatment. The D 2 absorption experiments were carried out in the same apparatus after the heat treatment without exposing the specimen to air. The as-polished specimen is hereafter denoted as Specimen AP and the heat-treated one as Specimen HT.
Deuterium absorption was examined in the temperature range from 523 to 1023 K with the high vacuum apparatus described previously. 12) Prior to the experiments, Specimen AP was heated at 673 K for 3.6 ks in vacuum to remove the so-called natural oxide film. The surface analysis showed that oxygen diffusion into the bulk starts at around this temperature as described below. After adjusting the specimen temperature, the reaction chamber was isolated from the pumping system by closing valves. The main residual gas under this condition was water vapor (H 2 O) at a pressure of 3 Â 10 À5 Pa. D 2 gas was then introduced into the reaction chamber by opening a valve between the reaction chamber and reservoir. The pressure of D 2 in the reservoir dropped to 13.3 Pa instantaneously after opening the valve, and then decreased due to the absorption by the specimen. The rate of D 2 absorption was determined from the pressure reduction.
Results and Discussion
Change in the surface state by heat treatment
The change in the photoelectron spectrum by heat treatments in vacuum is shown in Fig. 1 . Before heating, the peaks of V, O and C were observed, while those of Cr and Ti were not detected. The V 2p 3=2 photoelectron peak appeared at 515.5 eV, and a deconvolution analysis of the spectrum indicated that V was mainly in the state of V 2 O 3 or VO 2 ; V 2 O 3 and VO 2 could not be separated from each other because their binding energies, E b , are too close.
11) The heat treatment at 573 K led to a slight reduction in the intensities of the C and O peaks, and the appearance of a small Ti 2p 3=2 peak at 458.8 eV. This binding energy of the Ti 2p 3=2 electrons corresponds to that of TiO 2 .
14) After heating at 673 K, the intensity of the V peaks significantly increased, while those of the O and C peaks decreased. The V 2p 2=3 peak shifted from 515.5 to 512.8 eV, and the spectrum of the Ti 2p 3=2 photoelectrons broadened to the lower energy side. A small Cr 2p 3=2 peak was also observed at 574.2 eV, corresponding to E b in the metallic state. 14) These results indicate that oxygen in the vanadium oxide film (V 2 O 3 or VO 2 ) started to diffuse into the bulk at around 673 K. As the heating temperature increased, the intensity of the Ti peak at the surface may be higher than this value because the surface concentration of V is overestimated due to the contribution of photoelectrons from the bulk layers beneath the surface. A small peak of S 2p photoelectrons appeared at 773 K (not shown in this figure), and its intensity slightly increased with increasing temperature. Figure 2 shows the change in the chemical composition of the surface as a function of the heating temperature. The chemical composition at each temperature was evaluated using the following equation:
where C i is the concentration of element i, I i is the peak area of the corresponding element, and S i is the relative sensitivity factor recommended by Briggs and Seah.
14) The value of S i was assumed to be independent of the chemical state of the corresponding element. The enrichment of Ti at the surface in high temperature regions (above 800 K) is shown in this figure, whereas no significant redistribution of Cr is observed. It is also clear that a significant amount of oxygen remained at the surface even after heating at 1273 K, whereas the concentrations of other impurities, i.e. S and C, were relatively small. Shkolnik et al. V-4Cr-4Ti alloy fabricated by Argonne National Laboratory (USA) by means of Auger electron spectroscopy after heating in vacuum at 973 K, and also observed the enrichment of Ti at the surface. In their study, however, the main impurities remaining on the surface after heating were C and S, and the concentration of oxygen was negligibly small. 8) This discrepancy may be due to differences in the conditions of specimen preparation and/or vacuum heating, but the disagreement has not been fully understood. Hirohata et al. 9) reported that the oxidation at 373 K for 600 s in 0.05 Pa of O 2 gas led to the surface segregation of Ti, while no significant redistribution of Ti was observed at this temperature in the present study. It appears that the surface segregation of Ti is enhanced in an O 2 atmosphere.
The spectra of V 2p and Ti 2p photoelectrons were deconvoluted in the same manner as in the previous study 11) to examine the change in the oxidation states of V and Ti with the heating temperature, the results of which are shown in Figs. 3 and 4 , respectively. Vanadium existed mainly in a metallic state above 673 K as shown in Fig. 3 . On the other hand, Ti was in the oxidized state (TiO) up to 1000 K as shown in Fig. 4 . These results indicate that Ti oxide is more stable than V oxide. This tendency is consistent with the stability of bulk oxides. Namely, the free energies of formation of TiO and VO at 773 K are À467 and À363 kJÁmol À1 , respectively. 15) The data points at the low temperature region (below 773 K) and high temperature region (above 1073 K) are not plotted in Fig. 4 for different reasons. In the case of the low temperature region, the deconvolution of the spectra was impossible because the intensity of the Ti 2p photoelectrons was too weak and the signal-to-noise ratio was too poor. In the case of the high temperature region, the experimentally-obtained spectra could not be reproduced for Ti, TiO and TiO 2 . Figure 5 shows detailed spectra of V and Ti 2p photoelectrons after heating at 1273 K. In this figure, the thin solid lines indicate the experimentally-obtained spectra, and the dotted lines show the spectra of the 2p 3=2 and 2p 1=2 photoelectrons from metallic V or Ti evaluated from a formula comprised of Gaussian and Lorentzian functions with an exponential asymmetric blend function. 16 ) Thick solid lines correspond to the total spectra of the 2p photoelectrons of V or Ti obtained by synthesizing these 2p 3=2 and 2p 1=2 photoelectron spectra, and dashed lines indicate peak positions and background levels. The spectrum of the V 2p photoelectrons agreed very well with that obtained from calculations, as shown in Fig. 5(a) . On the other hand, the spectrum of the Ti 2p photoelectrons shown in Fig. 5(b) has a tail on the higher energy side. This tail could not be reproduced by assuming the presence of TiO and TiO 2 . If the presence of a significant amount of oxygen on the surface (Fig. 2) is taken into account, this tail is assumed to be the result of oxygen in chemisorption states. Namely, this Ti spectrum suggests that the interaction of Ti with the chemisorbed oxygen was stronger than that of V. This stronger interaction between oxygen and Ti may be the driving force of the surface segregation of Ti.
The present results for the V-4Cr-4Ti alloy were quite similar to those for the V-4Ti alloy obtained in the previous study.
11 ) Hence, it is concluded that the reduction in the H 2 absorption rate previously observed for the V-4Cr-4Ti alloy 13) was caused by the same mechanism as for the V4Ti alloy, 12) i.e. surface segregation of Ti and its preferential oxidation. The absorption curves obtained for D 2 were similar to those for H 2 given in the previous paper. 13) Namely, in the case of Specimen AP, the pressure of D 2 decreased rapidly and became constant when equilibrium was attained. On the other hand, the D 2 pressure was reduced slowly in the case of Specimen HT owing to the small absorption rate. The absorption coefficient was evaluated from the slope of the absorption curves in the initial stages, in which reemission from the specimen was negligibly small. Under such conditions, the absorption rate is described by:
where N is the number of D atoms absorbed, t is time, A is the surface area of the specimen, P is the pressure of D 2 and m D is the mass of a D 2 molecule. Here, corresponds to the probability of dissociative ad/absorption for a D 2 molecule impinging on the specimen surface. The solubility K S was evaluated from the deuterium concentration in the bulk, C D , and the equilibrium D 2 pressure using Sieverts' law:
17) The recombination rate constant, k r , was determined from and K S through the following relationship:
The values of thus obtained for D 2 are shown in Fig. 6 along with those for H 2 reported in the previous paper.
13 ) The values of for Specimen HT were significantly smaller than those for Specimen AP: the surface reaction rates of D 2 and H 2 decreased due to the surface segregation of Ti. The activation energy for absorption E a increased from 8 AE 4 kJÁmol À1 (Specimen AP) to 46 AE 4 kJÁmol À1 (Specimen HT) by Ti segregation. Although the difference between Specimens AP and HT decreased with increasing temperature, the barrier effect due to Ti segregation was still obvious in the high temperature region. The value of for pure Ti examined at 773 K was larger than that for Specimen AP, suggesting that the reduction in was not due to the intrinsic effects of Ti. It is therefore concluded that the reduction in and the increase in E a are due to the increase in oxygen coverage caused by the stronger interaction between Ti and oxygen. The difference in between H 2 and D 2 was rather small and within the spread of data points under the present conditions. Figure 7 shows the temperature dependence of the solubility K S of D together with the data previously obtained for H 13) and those reported by other researchers [18] [19] [20] for V4Cr-4Ti alloys. In this evaluation of K S , the deuterium concentration C D was defined as the atomic concentration ratio of deuterium to the metallic elements, [D]/ [M] . The values obtained in the present study agreed well with those reported in previous studies. 13, [18] [19] [20] The isotope effect was not observable under the present conditions. This result is similar to those of other researchers. 18, 21) Zaluzhnyi et al. and reported that there was no observable isotope effect for either alloy. Lässer 21) reviewed the isotope effect on K S in pure V and showed that the difference between H and D is small above 473 K. On the other hand, according to Lässer, 21) there is a significant isotope effect in a lower temperature region (below 473 K), and the difference between H and D increases with decreasing temperature. Further investigation is necessary to understand the isotope effect in V alloys in lower temperature regions.
The values of the recombination rate constant k r derived from those of and K S are plotted in Fig. 8 . As expected from eq. (3), k r showed a similar tendency to . Namely, k r was reduced by the surface segregation of Ti, and the difference between H 2 and D 2 was small. The values given in this figure are the apparent activation energy for the recombinative release directly obtained from the slopes in this figure. By plotting k r ffiffiffi ffi T p against 1=T (see eq. (3)), the real activation energy for the recombinative release E r was obtained as 79 AE 4 kJÁmol À1 for Specimen AP and 118 AE 4 kJÁmol À1 for Specimen HT. Here, E r ¼ E a À 2H S where H S is the heat of solution. Namely, the difference in E r between Specimens AP and HT is due to the increase in activation barrier for surface reaction of hydrogen/deuterium corresponding to E a .
The reduction in due to Ti surface segregation leads to the decrease in permeation and dissolution rates of gaseous hydrogen isotopes when the permeation/dissolution rate is controlled by the surface reactions. The model calculation of the permeation number W proposed by Waelbroeck et al. 22) indicated that the permeation/dissolution through the Tienriched surface is controlled by the surface reactions, i.e. W ( 1, in the expected operation temperature range (603-883 K) if the wall thickness L is smaller than 100 mm. Here, W ¼ 2k r LK S P 1=2 =D, where D is the diffusion coefficient of hydrogen isotopes in the alloy. The reduction in k r , however, may cause an increase in permeation under exposure to hydrogen isotopes in the form of atoms and ions.
23) The concentration of tritium and deuterium in the alloy could also increase.
23) Therefore, it is preferable to protect the alloy with armor materials to prevent the exposure to atomic and ionic tritium and deuterium in the temperature region where the surface segregation of Ti takes place.
Conclusions
The heat treatment of a V-4Cr-4Ti alloy in vacuum at temperatures above 800 K led to the surface segregation of Ti. The spectrum of Ti 2p photoelectrons showed a tail on the higher energy side, while the V 2p photoelectron spectrum agreed well with that for the metallic state. This observation indicated that the interaction of Ti with oxygen on the surface was stronger than that of V. The absorption coefficients and recombination rate constants of D 2 and H 2 significantly decreased due to Ti segregation in the temperature range examined (523-1023 K). Such reduction in the surface reaction rates of hydrogen isotopes was ascribed to the increase in oxygen coverage caused by Ti segregation. The isotope effect on the surface reaction rates of D 2 and H 2 was observed to be small under the present conditions. Surface Segregation of Ti in a V-4Cr-4Ti Alloy and Its Influence on the Surface Reaction Rates of Hydrogen Isotopes
